Substantial protection can be provided against the pre-erythrocytic stages of malaria by vaccination first with an adenoviral and then with an modified vaccinia virus Ankara (MVA) poxviral vector encoding the same ME.TRAP transgene. We investigated whether the two vaccine components adenovirus (Ad) and MVA could be coinjected as a mixture to enhance protection against malaria. A single-shot mixture at specific ratios of Ad and MVA (Ad+MVA) enhanced CD8 + T cell-dependant protection of mice against challenge with Plasmodium berghei. Moreover, the degree of protection could be enhanced after homologous boosting with the same Ad+MVA mixture to levels comparable with classic heterologous Ad prime-MVA boost regimes. The mixture increased transgene-specific responses while decreasing the CD8 + T cell antivector immunity compared to each vector used alone, particularly against the MVA backbone. Mixed vector immunization led to increased early circulating interferon-γ (IFN-γ) response levels and altered transcriptional microarray profiles. Furthermore, we found that sequential immunizations with the Ad+MVA mixture led to consistent boosting of the transgene-specific CD8 + response for up to three mixture immunizations, whereas each vector used alone elicited progressively lower responses. Our findings offer the possibility of simplifying the deployment of viral vectors as a single mixture product rather than in heterologous prime-boost regimens.
IntroductIon
Genetically modified human adenoviruses (Ad) and poxviruses are leading vaccine platforms in the development of prophylactic vaccines against infection by many pathogens, in particular where T-cell responses are protective (e.g., malaria, HIV, hepatitis, and influenza viruses). 1 Unfortunately, the concomitant induction of vector-specific immune responses can result in a lack of prolonged expression of newly delivered genes upon readministration of the same vector after short time intervals. 2 This has prompted the development of new viral vector platforms or alternative serotypes of Ad, in particular of chimpanzee origin, which would allow repeated use of different vectors for either the same disease (as a boost), or for another disease in the same population. 1 In practical terms however, repeated boosting with the same vector could greatly facilitate the potential deployment of a vaccine, providing less expensive manufacture and administration compared with heterologous prime-boost immunization which requires different vectors encoding the same transgene to de be administered at different time points. In addition, there is still a need to improve the protective efficacy achieved by Ad-and poxvirus-based vaccines. In the context of malaria, protection against liver-stage relies on the induction of high frequencies of antigen-specific CD8 + T cells producing interferon-γ (IFN-γ). 3 T-cell responses can effectively be induced by immunization with viral vectors such as fowlpox 9, modified vaccinia virus Ankara (MVA), and Ad. [4] [5] [6] [7] However, we have previously shown that a single administration of Ad and poxviral vectors provides suboptimal protection to animals against a malaria sporozoite challenge, while prime-boost regimens using adenoviral vectors and MVA encoding the pre-erythrocytic ME.TRAP transgene enhanced both short-and long-term sterile protection against malaria. 8 These data highlighted the ability of optimized viral vector prime-boost regimens to generate more protective and sustained CD8 + T-cell responses. Nevertheless, the levels of efficacy attained in clinical trials with Ad prime-MVA boost vaccine regimes encoding ME.TRAP are probably still insufficient for deployment of this single antigen vaccine on its own. 9 Therefore, increasing Ad and MVA vaccine-induced immunogenicity and efficacy remains a major goal.
In this context, we have previously observed that MVA can act as an adjuvant for a coadministered protein. 10 We demonstrated that repeated immunizations with recombinant or nonrecombinant MVA mixed with recombinant hepatitis B surface antigen induced higher titers of antibodies compared to immunization with either antigen alone or to formulations of the alum-adjuvanted Engerix-B vaccine (GlaxoSmithKline, Middlesex, UK). The poxviruses NYVAC, fowlpox, and ALVAC, and to a lesser extent, Ad, also displayed similar adjuvant properties when used in combination with recombinant hepatitis B surface antigen. In addition, we have also demonstrated that physically mixing a protein vaccine against murine malaria, CV-1866, with fowlpox 9 or MVA and then immunizing with the resultant combinations in a primeboost regimen induced both cellular and humoral immunity and afforded substantially higher levels of protection than either the protein or poxviral vaccine alone. Therefore, combinations of partially effective vaccines may offer a more rapid route to achieving high efficacy than individual vaccine strategies. 11 In this study, we immunized mice with either simian or human Ad vectors mixed with MVA (Ad+MVA) coding for the pre-erythrocytic-stage malaria antigen ME.TRAP, a transgene that has been used in clinical trials, containing the TRAP antigen from Plasmodium falciparum fused in-frame to a multiepitope (ME) string with multiple P. falciparum B-cell and T-cell epitopes, including the BALB/c H-2K d -restricted epitope from Plasmodium berghei known as Pb9 (SYIPSAEKI). 12 We observed that specific ratios of Ad+MVA mixture enhanced CD8 + -dependant protection of mice against a stringent sporozoite challenge with P. berghei, after single-shot and homologous prime-boost regimes, and report initial analyses of the underlying mechanisms.
results

Mixed Ad+MVA vector immunization enhances cd8 + t cell-mediated protection as compared to each vector alone
We explored whether the immunization with Ad and MVA mixed in the same formulation could enhance the protective efficacy over a single vector immunization. We used a mouse malaria model that relies on the generation of antigen-specific CD8 + cells to mediate protection, 13 to this end, mice were vaccinated in the ear pinna with increasing doses of either AdC9 chimpanzee Ad or MVA alone, or with Ad+MVA mixtures, and challenged the mice two weeks later with P. berghei sporozoites (short-term protection). We noted that intermediate doses of Ad [5 × 10 9 viral particles (vp)] and MVA [0.1-1 × 10 6 plaque-forming unit (pfu)] appeared to elicit higher protection against the sporozoite challenge (55.6-61.3%, Figure 1a) . Interestingly, the effect was dose specific and neither high nor low doses of mixed Ad+MVA elicited good protective levels (typically 0-33%, n = 6) (Figure 1a) . Two vector mixtures at intermediate doses of AdC9 (5 × 10 9 vp) and MVA (1 × 10 5 and 1 × 10 6 ) were the most protective and the optimal dose of MVA (1 × 10 6 pfu) was chosen for the following experiments based on protective efficacy and immunogenicity, which elicited the highest frequencies of CD8 + IFN-γ + with increased levels of IFN-γ on a per cell basis (integrated median fluorescence intensity) and enhanced multifunctionality (Figure 1b-d) .
To further extend our observations to other adenoviral serotypes and determine that any effect of a vector mixture immunization is not limited to a specific vector (v.gr. AdC9), we investigated this result in more detail using the clinically deployed adenoviral serotype, ChAd63 administered intramuscularly (Figure 2) . The mixed ChAd63+MVA regime induced complete short-term sterile protection in two independent experiments while ChAd63 alone protected only 33% of the mice [hazard ratio of 17.73 with a 95% confidence interval (CI) (3.365-93.38) P = 0.0007], and MVA 0% [hazard ratio 46.22, 95% CI (0.001892-0.1076) P < 0.0001] (Figure 2a) .
To investigate further the effect of the partially protective ChAd63 regime relative to the fully protective mixture regime, we used luciferase transgenic P. berghei parasites to quantify the parasite burden in the liver using an in vivo imaging system, in what we believe to be the first report of a malaria vaccine efficacy study using an in vivo imaging system method. We observed, in agreement with the results obtained from the parasite counts in blood, that the parasite burden in the liver appeared to be lower in the ChAd63+MVA group than in the ChAd63 or naive groups, although the differences were not quite statistically significant [mean for ChAd63 = 235,850 relative light unit, ChAd63+MVA = 122,367 relative light unit, 95% CI (−10,197 to 237,164), P = 0.06 by a t-test] (Figure 2b,c) . Altogether, these results demonstrated a superior ability of vector mixtures to reduce the hepatic parasite burden and an ability to induce high levels of sterile protection against stringent liver-stage malaria challenges as compared to each vector alone.
Protection by Ad+MVA mixed vector vaccination can be enhanced in prime-boost regimes
We have previously reported that a single immunization with adenoviral vectors can induce short-term protection, 13 which can be enhanced upon vaccination with a heterologous viral vector expressing the same transgene. 8 We therefore assessed the protective ability of the Ad+MVA regime both shortly and long after a single vaccination and compared this to the best regime identified so far, Ad prime-MVA boost. For this experiment, BALB/c mice (n = 6 per group) were primed with AdC9, MVA or a mixture of both vectors (AdC9+MVA) and an additional homologous or heterologous vaccination was administered at week 8. For the heterologous prime-boost regime using the Ad+MVA mixture, we used AdC7 as an alternative serotype for the boost with the aim to determine if the Ad+MVA regimes require the use of heterologous vaccination to enhance efficacy and immunogenicity. Sporozoite challenge was administered 2 (short-term) or 8 (long-term) weeks after receiving the last vaccination (a study design we have previously described). 8 Another group was immunized once only with the AdC9+MVA mixture at the time of the boost and challenged 2 or 8 weeks postinjection along with the other groups (Figure 3a) . Short-term protection, 2 weeks after the last vaccination, revealed that a single dose of Ad+MVA mixture elicited similar protective levels as the AdC9-MVA prime-boost (43%, Figure 3b ). In addition, protection was even higher than AdC9-MVA shortly after mice were vaccinated twice with the homologous mixture AdC9+MVA-AdC9+MVA [86% protection, hazard ratio 3.638, 95% CI (0.4627-28.6) P = 0.22]. Sterile protection was induced using the heterologous mixture AdC9+MVA-AdC7+MVA [100%, hazard ratio 9.461, 95% CI (0.9159-97.72) P = 0.059 when compared to AdC9-MVA] (Figure 3b) .
In a sporozoite challenge performed 8 weeks after last injection (long-term protection), a single vaccination with AdC9+MVA mixture did not induce any protection. However, a homologous AdC9+MVA prime-boost performed similarly to the heterologous AdC9 prime-MVA boost (71 versus 57%, respectively, P = 0.62, Figure 3c ). Long-term complete sterile protection was achieved only in the group immunized twice with mixture vaccines (AdC9+MVA-AdC7+MVA hazard (a) Dose-escalation study to assess the protective efficacy of various ratios of Ad+MVA vaccine. BALB/c mice received a single immunization with viral vectors alone or as a mixture at increasing doses and modified ratios of viruses. Two weeks later, all mice were challenged by i.v. injection of 1,000 Plasmodium berghei sporozoites and screened from day 5 to 20 for presence of parasites in blood using Giemsa-stained smears. Outcome was measured as presence or absence (sterile protection) of parasites in blood. Experiments were performed once with the exception of the MVA group alone and the middle dose of adenovirus (5 × 10 9 viral particles (vp)) that elicited better protection for which these groups were assessed three to five times in independent experiments (n = 6-7/group). Experiments yielded similar results and data was pooled. Statistical analysis was performed by comparing every immunized group to the naive animals. ratio compared to AdC9-MVA = 0.106, 95% CI (0.01-1.092) P = 0.059; Figure 3c ). These results indicate that homologous Ad+MVA prime-boost induces protection against a sporozoite malaria challenge similar to the heterologous Ad-MVA regime.
Nevertheless, the heterologous mixture regimes composed by AdC9+MVA followed by AdC7+MVA induced the most robust protection, which protected all mice at both short-and longterm after vaccination. (Figure 4a) . A fourth homologous vaccination was still able to boost the memory CD8 + responses but they did not surpass the frequencies that were reached in the peak following the third immunization. While it is well known that pre-exposure to Ad (naturally or through a vaccine) can markedly impair the immunogenicity of a subsequent Ad vector, 2 our results suggest that this may not be the case with the Ad+MVA mixture. We further assessed if the vector mixture immunization requires expression of the same transgene by both viruses or whether MVA can adjuvant the Ad-induced responses despite expressing an irrelevant transgene. Optimal immunogenicity was elicited when both, Ad and MVA expressed the same transgene (ME.TRAP). Nevertheless, CD8 + responses where significantly lower when MVA expressed an irrelevant transgene (lacz) (Figure 4b ). We further confirmed this observation in an additional independent experiment where Ad+MVA vector mixtures expressed different transgenes (ME.TRAP from P. falciparum and Ag 85A from Mycobacterium tuberculosis) (Figure 4c-e) . Again, CD8 + responses were optimal when both vectors expressed the same transgene (AdH5+MVA) ME.TRAP (Figure 4c ) or (AdH5+MVA) Ag85A (Figure 4d) . Availability of an immunodominant CD4 + epitope in 85A revealed that frequency of these cells is enhanced when both vectors express the same Ag 85A transgene (Figure 4e ).
Mechanisms behind the Ad+MVA mixed vector immunization: kinetics of transgene expression and antivector immunity
We sought to understand how the mixture regime might achieve the potent protective effects demonstrated. The action of the two viruses used differs markedly. For example, studying the in vitro kinetics of the expression of a GFP transgene in permissive cells after Ad or MVA infection, MVA induced a rapid transgene expression that peaked at 5-6 hours, while Ad transgene expression reached a maximum after 18-20 hours (Figure 5a) . Induction of T cells in vivo also differs, perhaps due to different antigen expression kinetics: transgene-specific CD8 + T-cells peak at 1 week after MVA vaccination, while adenoviral vectors induce a delayed CD8 + response that peaks at 3 weeks post-prime. 14 A prime-boost regime might be expected to enhance the T-cell immune responses against the shared antigen (here the transgene) at the expense of the nonshared antigens (here the viral vectors backbone). 15 Thus, in Ad+MVA mixed immunization, T cell responses to the ME.TRAP transgene might be expected to be privileged (dominant as well as subdominant responses) while the antivector T-cell immunity would decrease as compared to single vector immunization. Therefore, we assessed the transgenespecific responses against the dominant Pb9 epitope located in the N-terminal region of our transgene (the ME string) as well as the subdominant T-cell epitopes located in the C-terminal region, TRAP. We observed that Pb9 responses were higher after Ad+MVA mixture immunization as compared to single Ad and (a) Groups of BALB/c mice (n = 6) were vaccinated with AdC9 or a vector mixture AdC9+MVA-expressing ME.TRAP. Mice were boosted 8 weeks later with modified vaccinia virus Ankara (MVA) (heterologous), AdC7+MVA (heterologous) or AdC9+MVA (homologous) expressing ME.TRAP while a group was primed with AdC9+MVA at concentrations described in Figure 2 . All groups of mice were challenged by intravenous injection of 1,000 P. berghei sporozoites at weeks 2 and 8 post-boost. (b) Short-term protective efficacy elicited by homologous or heterologous prime-boost regimes. Mice were challenged two weeks after receiving the booster vaccination (week 10). (c) Long-term protective efficacy elicited by prime-boost regimes. Mice were challenged on week 8 after the second vaccination (week 16). Graphs show results of a single experiment with a challenge at two different time points.
these were subsequently enhanced upon sequential homologous prime-boost regimens (Figure 5b) .
In addition, both the breadth (number of epitopes recognized by any one mouse as well as number of mice responding to any one epitope) and magnitude (average IFN-γ SFC/million PBMC in responding mice) of the T-cell subdominant responses directed toward the TRAP transgene were increased when Ad+MVA vaccination was used when compared to each vector alone, 
Ad+MVA mixture decreases cd8 + t-cell responses to the MVA vector
We further investigated whether the mixture-induced increases in the transgene-specific response are accompanied by a decrease of vector-specific CD8 + responses. To this end, we constructed an Ad vector expressing a dominant MVA CD8 + epitope (E3, coded by the gene E3L) and primed groups of mice with AdHu5-E3L, or an Ad expressing a strong CD8 + epitope Pb9 (AdHu5-TIP). Unprimed mice acted as controls. The mice were then boosted 8 weeks later with MVA-TIP (expressing the major MVA CD8 + T-cell epitopes E3L and F2G, as well as Pb9) and the CD8 + responses against the three epitopes Pb9 (
, and F2G (L d ) 16 were quantified. As expected, we observed that when mice were primed and boosted with the vectors encoding the same Pb9 transgene, strong responses were focused toward the shared Pb9 antigens at the expense of the nonshared MVA epitopes (E3 and F2G) (Figure 5d ), which were decreased as compared to unprimed mice. When mice were primed with an Ad encoding E3L and then boosted with MVA-TIP, the response to the shared epitope E3 was strongly favored, at the expense of the Pb9 epitope (which was drastically decreased as compared to unprimed mice, Figure 5d ) or the F2G epitope contained in MVA but absent in the Ad-E3L prime. These results confirm and extend to MVA the observations in Ad from Schirmbeck et al. 15 that CD8 + responses to the vector and transgene compete with each other, and demonstrate as expected that indeed a prime-boost regime typically favors CD8 + response to shared epitopes between prime and boost, whether it is in the transgene or in the vector backbone.
To further confirm decreased antivector immunity, we assessed the CD8 + responses directed against both Ad and MVA in the vector mixture by using major CD8 + epitopes described for each vector. Measuring anti-Ad immunity in an experiment required the use of AdH5 as epitopes in BALB/c mice have been described for this particular serotype. 15 For MVA these were F2G (L (Figure 5e ). We demonstrated that as soon as 1 week after immunization, anti-MVA CD8 + T-cell responses were significantly lower in the Ad+MVA mixture than in the MVA groups for the three dominant epitopes (Figure 5e) . Moreover, this decreased anti-MVA CD8 + response was observed at all time points tested, 1 and 2 weeks after 1, 2, or even 3 injections (data not shown). The CD8 + response to Ad however was only marginally decreased for the L d -restricted epitope dbp7 (located in the DNA-binding protein), while no decrease was observed against the H-2K d -restricted hex3 (hexon) epitope. 15 The latter may not be surprising, however, because the Ad preparation contains free hexon particles, detected by the immune system before any expression from the virus occurs.
Additionally, we confirmed that the antivector immunity decreases when both Ad and MVA are injected as a mixture by pre-exposing BALB/c mice to Ad, MVA or Ad+MVA expressing an irrelevant transgene (Ag 85A). Four weeks after the initial exposure to viral vectors, all groups were immunized with Ad+MVA expressing ME.TRAP and the transgene-specific Pb9 responses were assessed (Figure 5f) . As compared to a control group (no pre-exposure followed by Ad+MVA, mean of 17,108 SFC/million PBMCs), Pb9-specific responses showed a nonsignificant trend to reduction in mice pre-exposed to MVA-85A (mean 14,294 SFC/million PBMCs. P = 0.25) and a significant reduction when pre-exposed to Ad 85A (mean 9,096 SFC/million PBMCs, P = 0.009). By contrast, Pb9 responses were not reduced in mice injected initially with an Ad+MVA Ag85A mixture (mean of 16,686 IFN-γ SFC/million PBMCs, P = 0.88). We also assessed the effect Ad+MVA mixed immunization on the generation of neutralizing antibodies against AdHu5 (Figure 5g) . We observed that sera from mice immunized with Ad+MVA contained similar levels of neutralizing antibodies against the Ad vectors to those from immunized with Ad and similar titers of antibodies against the TRAP transgene in Ad and Ad+MVA immunized mice, both after priming (Figure 5h ) and after four consecutive homologous immunizations (data not shown), indicating that the vector mixture reduces the anti-Ad immunity by decreasing the vector-specific CD8 + responses rather than the antibodies directed toward the external parts of the Ad. Finally, we investigated whether both vectors could also be administered in separate sites (coadministration) to enhance immune responses in a similar way to the vector mixture (Figure 5i) . We observed that coadministration of Ad and MVA (without physically mixing them) significantly enhanced the antigen-specific CD8 + frequencies after a homologous prime-boost regime when compared to a single priming immunization (mean after prime = 9.0%; boost = 21.7%, 95% CI (-21.58 to -3.748), P < 0.001). Significant enhancement was also induced by the vector mixture (physically mixed and administered in the same site) in a homologous immunization (mean after prime = 9.7%; boost = 24.2%, 95% CI (-23.41 to -5.574) P < 0.0001). Increase in immunogenicity by homologous AdH5 (mean after prime = 11.2%; boost = 18.5%, 95% CI (-16.18 to 1.655)) or MVA (mean after prime = 2.2%; boost = 6.9%, 95% CI (-13.63 to 4.201)) was not significant.
Ad+MVA vaccination does not influence the cd8 + t central memory responses
We further explored whether the enhanced proliferative ability of CD8 + T cells elicited by homologous Ad+MVA prime-boost was related to a preferential T central memory (T CM ) phenotype induction. It has been shown that CD8 + T CM cells (CD62L + CD127 + ) have a high proliferative capacity, whereas T EM (CD62L -CD127 + ) are more limited and no proliferation is possible by T E (CD62L -CD127 -) cells. 17 We have previously demonstrated that MVA induces a preferential and accelerated CD8 + T CM phenotype on antigen-specific cells, which contrasts with a marked T E/EM phenotype induced by Ad.
14 This led us to hypothesize that an Ad+MVA vaccine mixture could skew the T E /T EM /T CM population as compared to Ad alone.
We immunized BALB/c mice with MVA, AdH5 and AdH5+MVA regimes and assessed the CD8 + memory phenotype of Pb9-specific cells 60 days later using a Pb9 tetramer and costaining with anti-CD62L and CD127. Our results indicated that the Ad5+MVA mixture does not enhance CD8+ T CM but rather resemble the profile obtained with AdH5 (Figure 6a) . Therefore the increased CD8 + proliferation seen in Ad+MVA regimes cannot be attributed to enhanced T CM responses. Interestingly, in the same analysis we detected that there was a high proportion of CD8 + T EM responses elicited by Ad+MVA immunization, which was only significant when compared to MVA (mean of 82.1% for AdH5+MVA; and 64.43 for MVA; P < 0.01) (Figure 6b) . This result was of particular interest as we have recently demonstrated that the T EM phenotype mediates protection in a mouse malaria model. 14 effect of the Ad+MVA immunization on innate immune responses We explored whether a vaccine consisting of a mixture of two viral vectors (Ad+MVA) modifies innate immunity, perhaps altering dendritic cell (DC) maturation. BALB/c mice were immunized with MVA ME.TRAP, the chimpanzee Ad AdC9 ME.TRAP, or a vector mixture containing AdC9+MVA as a single preparation. To determine directly the degree of in vivo DC activation, we assessed the upregulation of two canonical costimulatory molecules CD80 and CD86 in DCs (CD11c + ) from draining lymph nodes 18 hours after immunization (Figure 7) . In agreement with a previous report, MVA alone was shown to induce moderate in vivo DC activation. 18 MVA induced elevated levels of CD86 expression that was comparable to 10 µg lipopolysaccharide however, there was no significant increase in CD80 expression between MVA stimulated and naive. Conversely, Ad and Ad+MVA groups were more immunostimulatory than 10 µg lipopolysaccharide and induced significantly higher CD80 and CD86 expression (Figure 7a-c) . Results here demonstrate that Ad is more potent than MVA in stimulating innate immune response in vivo. Importantly, the addition of MVA to Ad does not dampen the DC stimulating properties of the latter. A further analysis of the innate responses was performed using a multiplexed bead-based immunoassay (BD cytometric bead array) to determine the serum concentration of the proinflammatory cytokines IFN-γ, MCP-1, tumor necrosis factor (TNF), interleukin (IL)-6, IL-10, and IL-12p70 24 hours after intradermal immunization. Mice vaccinated with the AdC9+MVA mixture had significantly higher levels of circulating IFN-γ than AdC9 (mean of 40.8 pg/ml for AdC9+MVA, compared to 13.8 pg/ ml for AdC9) and MVA (mean of 3.38 pg/ml, overall P value <0.0001) (Figure 7d ). This threefold increase in circulating levels of IFN-γ was not due to an additive effect by both viruses present in the same vaccine as this would have resulted in only a 1.24-fold increase of the AdC9-induced IFN-γ (17.18 pg/ml, 13.8 pg/ ml by Ad plus 3.38 pg/ml by MVA, would be the expected additive value as opposed to the 40.8 measured). Similarly, higher levels of MCP-1 were induced by AdC9+MVA as compared to the vectors alone but this was only significantly higher than MVA (mean of 107.8 pg/ml for AdC9+MVA, compared to 85.5 pg/ml for AdC9, and 41.3 pg/ml for MVA, P < 0.0001) (Figure 7e) . Both AdC9 and AdC9+MVA vaccines induced the highest levels of circulating TNF but no significant differences were detected for any of the regimes (Figure 7f) . Monitoring of additional cytokines showed that neither IL-6, IL-12p70, nor IL-10 were induced preferentially by any vaccine (data not shown).
Microarray analysis of gene expression following vaccination with viral vectors
To further investigate potential innate pathways underlying the observed effects of vaccination with the Ad+MVA mixture, we carried out a gene expression analysis using whole mouse genome microarrays (GEO accession number GSE30564). Multiple groups of 4 mice were vaccinated intradermally into both ears with either Ad, MVA or Ad+MVA mixture. Ear biopsies (vaccination site) or draining cervical lymph nodes were collected at several time points (6 hours and 24 hours for ear biopsies; 9 hours, 24 hours, and 72 hours for lymph nodes). Differential gene expression assessment was carried out between each treatment/time-point and the corresponding samples from nonvaccinated animals (Figure 8) .
At the site of vaccination, we observed a striking increase in the number of differentially expressed genes with time: in a per-gene analysis, 6 hours after vaccination fewer than 50 genes were found to be significantly (P < 0.05) up-or downregulated in the biopsies from mice vaccinated with Ad or MVA and no differentially regulated genes were found in the mice vaccinated with the mixture (Figure 8a) suggesting that their coadministration impacted on their individual behavior. At 24 hours postvaccination, over a hundred genes were significantly differentially expressed as a result of immunization with Ad, and several-fold more in the mice vaccinated with MVA and the mixture (Figure 8a) . Top 20 genes upregulated at the site of vaccination in response to the Ad+MVA mixture were also upregulated by individual Ad or MVA vaccination and the majority were immune response-related (e.g., chemokine ligands, lipocalin), or IFN type I and II induced proteins such as guanylate-binding protein, IFN-γ-induced GTPase, IFN-induced protein with tetratricopeptide repeats. In ear biopsy samples from animals injected with MVA or the Ad+MVA mixture, but not with Ad alone, the two highest upregulated genes were keratin and stefin, which are involved in epithelial proliferation and development. A heat-map representation of all genes up-and downregulated in the ear biopsies by at least threefold and reaching the adjusted P value of 0.01 illustrates the similarities of the gene expression patterns induced by the Ad+MVA mixed vaccine to one or both of the Ad and MVA vaccines. The heat-map revealed that only a few genes are differentially upregulated by the mixture compared to the individual vectors, for instance, S100a8 at 6 hours and Fcrl3, Ly6c, Psmb10, and Usp18 at 24 hours.
The earliest time-point analyzed for the lymph nodes, 9 hours postvaccination, showed a few thousand significantly up-and Immunization with a vector mixture (Ad+MVA, mixed, same syringe and injection site) or a coadministration of two viral vectors (Ad+MVA Coadmin, vectors administered in separate sites) and effect on CD8 + IFN-γ responses. Significant differences were calculated by an ANOVA and *indicate a significant difference between prime and boos. Statistical analyses were using Prism5 software. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, respectively (GraphPad, La Jolla, CA).
downregulated genes in response to all three vaccines. The number of significantly differentially expressed genes remained high at 24 hours postvaccination but had declined by 72 hours (Figure 8b) . The highest 30 upregulated genes (P < 0.01) at 9 hours and 24 hours postvaccination were found to be identical between Ad, MVA and Ad+MVA mixture, with the majority being type I and II IFNs, IFN-regulated genes and chemokine ligands. At 72 hours postvaccination, the most upregulated genes were still shared by the three vaccines, although most of the viral infection response elements were substituted by genes involved in DNA replication, cell proliferation and differentiation, and protein translation.
A heat-map representation of all genes up-(red) and downregulated (green) in the lymph nodes by at least threefold and reaching the adjusted P value of 0.01 also illustrates the similarities of the gene expression patterns induced by the Ad+MVA mixed vaccine to one or both of the Ad and MVA vaccines. It can be noted however, that the Ad+MVA mixture at 9 hours postvaccination results in a lower level of gene downregulation overall, compared to Ad and MVA alone. In addition, at 72 hours postimmunization we found a threefold up regulation of molecules involved in host defense, in particular CCL3, CCL12, CXCL1, CCL4, CXCL9, CXCL10 (Figure 8c,d) . These results suggest that the coadministration of Ad and MVA modified their rate of immune activation, although no specific pathway was identified in the analyses performed.
dIscussIon Viral-vectored vaccines represent one of the most promising vaccination approaches for some infectious diseases where a preventative vaccine still remains to be developed. Promising results have been obtained in clinical trials using MVA as a tuberculosis vaccine, 19 and efficacy has been demonstrated in trials for HIV using a canarypox vector as part of a prime-boost regime; 20 in malaria trials using fowlpox 9, MVA 21 and chimpanzee Ad as a pre-erythrocytic malaria vaccine (K.J. Ewer, G.A. O'Hara, C.J.A. Duncan, K.A. Collins, S.H. Sheehy, A. Reyes-Sandoval et al., manuscript submitted). The use of viral vectors as vaccines has required heterologous prime-boost strategies to maximize immunogenicity and efficacy. 21 In an attempt to enhance their efficacy while potentially simplifying the logistics of vaccine delivery, we assessed the effect on the immune response of the administration of mixed Ad and MVA, two of the most clinically advanced viral vectors, delivered as part of the same formulation.
We explored the effects of the vector mixture on the adaptive immune responses. We chose a mouse malaria model where a preerythrocytic vaccine has shown the induction of protective CD8 + T-cell responses and for which we have a challenge model. 8, 13 Our results indicated that intermediate doses for both vectors (5 × 10 9 vp for Ad and 1 × 10 6 pfu for MVA) elicited optimal immunogenicity and protection. We initially reasoned that higher doses of the vector mixture (1 × 10 10 vp of Ad and 1 × 10 7 pfu of MVA) could enhance efficacy but a detrimental effect was observed for both immunogenicity and protection. This result is in agreement with a recent report from Yashima et al. where high doses of Ad (10 10 vp) and MVA (10 7 pfu) were coadministered and a suppression of the antigen-specific CD8 + T cells was observed. 22 One of the major hurdles to overcome in viral vector vaccination is the dampening effect of the antivector immunity on the antigen-specific T-cell responses. Natural infections with Ad induce neutralizing antibodies that limit the virus transduction, protein expression and therefore decrease the transgene-specific T-cell responses. 23 Moreover, priming with a recombinant adenoviral vector prevents further expansion of T-cell responses by a subsequent homologous boost, reducing at the same time the breadth of the T-cell responses and limiting their ability to control an infection. 24 This has prompted the scientific community to develop novel immunization regimes using alternative adenoviral serotypes that do not circulate in human populations. 8, 24 Additionally, multiple approaches have been developed to circumvent the antivector responses elicited by natural exposure or vaccination. These include relatively simple tools such as the use of heterologous prime-boost to efficiently amplify the immune responses. 25, 26 and more sophisticated approaches that combine modern immunology and structural biology techniques to reengineer an adenoviral vector with modified hypervariable regions of the hexon thus helping the chimeric virus evade the antivector immunity. 27 The spectrum of developments also includes the chemical modification of viral surface proteins to mask the neutralizing epitopes 28 and the use of vectors engineered from rare or alternative serotypes. 13, 24 Most, if not all of these approaches aim at modifying one particular vector at a time, while the vector mixture described here would facilitate the use of one vector multiple times as well as the application as a heterologous mixed prime-boost regime, which in the case of the AdC9+MVA-prime followed by an AdC7+MVA-boost was found to be the most protective vaccination regime that nevertheless presents increased difficulties in production and delivery that may counteract the modestly superior performance compared to the homologous mixed vaccine.
To understand the underlying mechanism(s), we have investigated the effect of the mixture on innate immune responses and on the maturation status of DCs. Previous reports have shown both stimulation and maturation of DCs by both chimpanzee (AdC68) and human Ad (AdH5) in vitro and in vivo. 29 Effects of MVA on DCs are controversial, with some reports describing a stimulatory effect 18, 30 while others observing an inhibitory effect. [31] [32] [33] In this report, we show that MVA was able to marginally upregulate the costimulatory molecules of DCs, while AdC9 appeared to be a stronger DC stimulant in vivo. Furthermore, the addition of MVA to AdC9 did not dampen the stimulatory properties of the latter; indeed, there were differences in early responses systemically, as evidenced by significantly higher levels of IFN-γ in Ad and MVA (Ad+MVA)-treated animals relative to single agent treated animals.
We attempted to further understand specific pathway(s) induced by the mixture using transcriptional studies on tissues from the immunization site, or the lymph nodes draining it. One finding was of a threefold upregulation of a group of chemotactic molecules (CCL3, CCL12, CXCL1, CCL4, CXCL9, CXCL10) compared to single vectors. This group of molecules, in particular CCL3 and CCL4, have been shown to enhance immunity by attracting CD8 + T cells to the sites where antigen-presenting and CD4 + T cells interact in lymph nodes. 34 Moreover, blocking CCL3 and CCL4 activity reduces the recruitment of naive CD8 + T cells in lymph nodes and decreases the ability to promote CD8 + T cell generation. 34 Of interest, chemokines such as CCL4 (MIP 1-β) have been using as genetic adjuvants and have shown to enhance transgene-specific immune responses. 35 Thus, enhanced cellular recruitment postvaccination may contribute to the enhanced cellular immune response observed.
In conclusion, Ad and MVA viral vectors can be administered as a mixture to enhance protection against pre-erythrocytic malaria in a model that relies on the induction of antigen-specific CD8 + responses to confer protection. The Ad+MVA mixed vector immunization acts as formulation that provides an "internal" prime-boost to enhance the CD8 + responses directed toward the shared transgenic antigens at the expense of the nonshared antigens from both vectors to significantly decrease the antivector immunity. This effect permits repeated readministration of the vector mixture as a homologous prime-boost regimen, reducing the potential problem of antivector immunity and offering simplified deployment as a single product rather than as heterologous prime-boost regimens.
MAterIAls And Methods
Mice and immunizations. Female BALB/c mice 6 weeks of age were purchased from Harlan, Shardlow, UK. Viral vectors were administered intradermally into ear pinnae or intramuscularly in the gastrocnemius muscle by delivering a final volume of 25 µl per limb or ear (50 µl total volume per mouse). The concentration of viral vectors in endotoxin-free phosphatebuffered saline (Sigma, Dorset, UK) was 1 × 10 6 pfu/50 µl for MVA and 5 × 10 9 vp/50 µl for adenoviral (Ad) vectors, unless where specified otherwise (Figure 1) . For all other experiments, Ad+MVA vector mixtures consisted of a single preparation containing both vectors at the same concentrations as the vector control (1 × 10 6 pfu for MVA plus 5 × 10 9 vp for Ad in 50 µl of phosphate-buffered saline).
Ethics statement. All animals and procedures were used in strict accordance with the terms of the UK Home Office Animals Act law. Procedures were approved by the University of Oxford Animal Care and Ethical Review Committee (PPL 30/2414). Immunizations were performed under anesthesia and all efforts were made to minimize suffering and reduce animal numbers.
Viral vectors.
Vectors expressing the transgene ME.TRAP, 12, 36 Pb9, and GFP 37 have been described previously. The insert ME.TRAP is a hybrid transgene of 2,398 bp encoding a protein of 789 amino acids. The ME string contains the BALB/c H-2K d epitope Pb9 (CS252-260, SYIPSAEKI) from the P. berghei malaria CS protein among a number of other human B-and T-cell epitopes. 38 AdC7, AdC9, ChAd63, AdH5, and MVA vectors expressing ME.TRAP were constructed and propagated as described previously. 6, 12, 39 Design and construction of Ad and MVA vectors expressing the M. tuberculosis Ag 85A has been described earlier. [40] [41] [42] AdHu5 expressed the E3 protein after cloning the E3L open-reading frame of MVA under control of the human cytomegalovirus immediate early promoter was derived and prepared as previously described. 13, 42 ex vivo IFNγ ELISPOT. Isolated splenocytes or PBMCs were treated with ACK to remove red blood cells and then cultured for 18-20 hours on IPVHmembrane plates (Millipore, Watford, UK) with the immunodominant H-2K d -restricted epitope Pb9 (SYIPSAEKI) at a final concentration of 1 µg/ ml. ELISPOT was performed as previously described. 8, 13 To analyze the subdominant responses to TRAP, PBMCs were stimulated with seven 20mer peptides covering subdominant TRAP epitopes identified in BALB/c mice (IRLHSDASKNKEKALIIIRS, KEKALIIIRSLLSTNLPYGR, TDGIPDSIQ DSLKESRKLSD, GQGINVAFNRFLVGCHPSDG, KCNLYADSAWENVK NVIGPF, TASCGVWDEWSPCSVTCGKG and EPLDVPDEPEDDQPR PRGDN). Anti-Ad CD8 + immune responses were assessed by stimulating PBMCs with the Ad hexon-specific H-2K d -restricted epitope hex [486] [487] [488] [489] [490] [491] [492] [493] [494] (KYSPSNVKIA) or the Ad DNA-binding protein-specific L d -restricted epitope dbp 413-421 (LPKLTPFALA) previously described. 15 The CD8 + T-cell response to MVA was measured using stimulation with synthetic peptides corresponding to the two immunodominant determinants originally identified in BALB/c mice, E3 and F2(G). 16 In addition, we modified the more recently discovered SI9 peptide 43 to make its sequence identical to that present within the MVA insert (Gly to Ser substitution at position 1), here referred to as C6(S), analogous to the derivation of F2(G) from vaccinia virus F2 peptide.
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Neutralizing antibodies against Ad. BALB/c mice were immunized with AdH5 or AdH5+MVA mixture and 2 weeks later the neutralizing antibodies against AdH5 were measured by incubating heat-inactivated mouse sera with AdH5 expressing SEAP (secreted alkaline phosphatase) for 60 minutes at 37 °C in 5% CO 2 . The virus was then added to HEK 293 cells at various multiplicity of infection (4,000-0.98 by performing serial dilutions) and the reporter gene was measured using the Phospha-Light SEAP Reporter Gene Assay System (Applied Biosystems, Paisley, UK) using the Plate reading luminometer Wallac MicroBeta TriLux (Perkin Elmer, Cambridge, UK). The neutralizing antibody titre was defined as the dilution of test serum at which reporter gene expression (secreted alkaline phosphatase) in permissive cells fell to 50% of the expression in cells infected in the absence of immune serum.
Antibody responses against TRAP. BALB/c mice were immunized with AdC9, AdC9+MVA mixture or MVA-expressing ME.TRAP (n = 6). Serum was obtained 8 weeks later and antibodies against TRAP were quantified by a luciferase immunoprecipitation system assay. 44, 45 Briefly, TRAP antigen was expressed in cell culture as recombinant Renilla luciferase (Ruc)-antigen fusion. The luciferase immunoprecipitation system assay was initiated by incubating Ruc-antigen extract with mouse sera in microtiter wells. The antibody-antigen mixture is then transferred to a 96-well filter plate containing protein A/G beads to capture immunoglobulin G molecules. After washing the filter plate containing the protein A/G beads, antibody bound Ruc-antigen is measured by the addition of coelenterazine substrate and light units are measured with a luminometer.
Activation of DCs.
Groups of BALB/c mice (n = 4) were immunized intradermally with AdC9 ME.TRAP (5 × 10 9 vp/mouse), MVA ME.TRAP (1 × 10 6 pfu/mouse) or an AdC9+MVA ME.TRAP vector mixture (5 × 10 9 vp and 1 × 10 6 pfu, respectively). Twenty-four hours later, draining superficial cervical lymph nodes were excised and processed to obtain a single-cell suspension in Dulbecco's modified Eagle's medium media supplemented with 4 mmol/l glutamine, 10% fetal calf serum, and 100 U/ml penicillin/ streptomycin. Cells were stained in phosphate-buffered saline for 30 minutes at 4 °C using the LIVE/DEAD Fixable Dead Cell Staining Kit (violet fluorescent reactive dye; Invitrogen, Paisley, UK). Fcγ II receptors were blocked with anti-CD16/CD32 FcγIII/II Receptor (2.4G2; BD/Pharmingen, Oxford, UK) for 30 minutes at 4 °C. DC markers were stained using antimouse CD11c PE-Cy7 (clone N418), CD80 FITC (clone 16-10A1), and CD86 PE (clone GL1) (eBioscience, Hatfield, UK) for 30 minutes at 4 °C. Samples were acquired on an LSR II cytometer (BD, Oxford, UK) and analyzed using FlowJo software (Tree Star, Ashland, OR).
Cell staining and flow cytometry. For intracellular cytokine staining, ACK buffer-treated splenocytes were incubated for 5 hours in the presence of 1 µg/ml Pb9, 1 µl/ml Golgi-Plug, and 1 µl/ml Golgi-Stop (BD) and anti-CD107a PE (clone 1D4B) (eBioscience) at a final dilution of 1:200. Phenotypic analysis of CD8 + T cells was performed by intracellular cytokine staining using previously described antibody clones, 13 specifically anti-CD8 PerCP-Cy5.5 (clone 53-6.7) (BD), anti-IFN-γ APC (clone XMG1.2), anti-IL-2 PE-Cy7 (clone JES6-5H4 ), anti-TNF-α FITC (Clone MP6-XT22), all from eBioscience). Nonspecific binding of antibodies was prevented by incubating with anti-CD16/CD32 Fcγ III/II Receptor (2.4G2; BD/ Pharmingen) before staining. The Pb9 tetramer was produced by the NIH
